The regulation of progenitor cell differentiation to a specific tissue type is one of the fundamental questions of biology. Here, we identify Osr1 and Osr2, 2 closely related genes encoding zinc finger transcription factors, as being strongly expressed in irregular connective tissue (ICT) fibroblasts in the chicken embryo, suitable as a developmental marker. We provide evidence that both Osr1 and Osr2 regulate mesenchymal cell-type differentiation. Both Osr1 and Osr2 can promote the formation of ICT, a cell type of so far unknown molecular specification, while suppressing differentiation of other tissues such as cartilage and tendon from uncommitted progenitors. Conversely, knockdown of either Osr gene alone or in combination reverses this effect, thereby leading to decreased differentiation of ICT fibroblasts and increased chondrogenesis in vitro. This indicates that Osr genes play a pivotal role in ICT fibroblast differentiation. Undifferentiated mesenchymal cells reside in the adult body in the form of mesenchymal stem cells in the bone marrow cavity. Using bone marrow stromal cells (BMSCs) isolated from chicken fetal long bones, we show that Osr1 and Osr2 have an intrinsic role in BMSC differentiation similar to their role in early embryonic development, that is, the enforcement of CT fibroblast differentiation and the repression of other cell types as exemplified here by osteoblast differentiation.
Introduction

M
esenchymal cells constitute the majority of the vertebrate body including the connective tissues (CTs), muscles, or the hematopoietic system. Thus, during embryonic development, a multitude of different cell lineages and tissue types emerge from these undifferentiated mesenchymal progenitors [1, 2] .
The CT is an indispensable component for any multicellular organism. Generally, the term ''connective tissue'' is applied to tissues of mesodermal origin that provide structural and metabolic support and protection for other tissues and organs [3] . The CT proper comprises loose irregular CT (ICT) such as the dermal CT and the muscle CT (MCT). Dense regular CTs comprise tendons and ligaments, whereas cartilage and bone are often referred to as specialized CT. The bulk of CT proper cells present, for example, in the vertebrate limb are ICT cells. However, no general marker for ICT has so far been described, and the knowledge about the differentiation of CT fibroblasts and their maintenance and separation from other tissue types is scarce.
Progress has been made in deciphering the genetic and molecular mechanisms that govern the emergence of different cell types in vitro as well as in vivo using the mouse or the chick as model systems. The limb bud is an ideal system to analyze the differentiation of mesenchymal cells. Initially, the limb bud consists of undifferentiated mesenchymal cells derived from the lateral plate mesoderm covered by a layer of ectoderm [4] . The ICT, tendons, cartilage, and bone cells arise from these mesenchymal progenitors; whereas muscles and blood vessels originate from cells that migrate into the limb bud from the somites [5] [6] [7] . Although the development of muscle, bone, cartilage, and endothelium has been a matter of intense research, little is known about the origin of ICT.
In the adult body, progenitors of mesodermal origin are maintained as stem cells comprising of, for example, hematopoietic stem cells or muscle satellite cells. A special type of stem cells are the mesenchymal stem cells (MSCs) often referred to as skeletal stem cells or also bone marrow stromal cells (BMSCs) [8, 9] . These cells have retained multipotency and are capable of differentiating into different tissue types as osteoblasts, chondrocytes, adipocytes, or fibroblasts, and others. The BMSCs are promising candidates for regenerative therapies and have been evaluated in different disease contexts in animal models [10] [11] [12] .
Here, we identify Odd skipped-related genes Osr1 and Osr2 as factors controlling chicken fetal limb mesenchymal cell differentiation as well as BMSC differentiation. The Osr1 and Osr2 genes encode zinc finger transcription factors that show high sequence similarity between each other are highly conserved among vertebrates [13] [14] [15] [16] [17] and appear to act functionally equivalent in the mouse [18] . The founding member of the family, Odd skipped, was first described as a pair-rule gene in Drosophila melanogaster [19] . Both Odd skipped-related genes exhibit a highly dynamic expression pattern during chick and mouse development [13] [14] [15] . The Osr1 gene was shown to be necessary for embryonic heart and urogenital development [20] [21] [22] , whereas Osr2 was involved in secondary palate development [23] and tooth patterning in the mouse [24] . We here show that Osr1 and Osr2 genes are predominantly expressed in ICT cells during chicken fetal limb development. Both Osr1 and Osr2 can drive the differentiation of ICT cells at the expense of other tissues, and they are required for the differentiation of ICT fibroblasts. In BMSCs, we show that both Osr1 and Osr2 are intrinsic negative regulators of osteoblast differentiation and bone formation.
Materials and Methods
In situ hybridization, immunohistochemistry, and skeletal preparations Section and whole-mount in situ hybridization (ISH) using digoxygenin labeled riboprobes was carried out as described in [25] . Fluorescence labeled 2-color ISH was performed as described in [15] . For myosin staining after ISH, sections were permeabilized with 0.1% Triton X-100 in 5% bovine serum albumin (BSA). Antibody A4.1025 (Upstate 05-716) against all myosin heavy chain (MyHC) types [26] was applied at 1:200 in the same solution at 4°C over night. After washing with phosphate-buffered saline (PBS), secondary antibody (Molecular Probes A11003) was applied in 5% BSA at 1:500. After washing with PBS, slides were covered with Fluoromount. Skeletal preparations were performed as in [27] .
Retroviral constructs, virus production
Full-length mouse Osr1 and Osr2 [13, 14] was cloned by polymerase chain reaction (PCR) using the Primers F: ATACCATGGGCAGCAAAACCTTGCCAG, R: ATAAGA TCTTTAGCATTTGATCTTGGAGGTTTTG and F: ATACC ATGGGGAGCAAGGCCTTGCCAG, R: ATGGATCCTCA GGCTGTGCCGCCGCAGATC. The PCR product was cloned into pSlax13 by NcoI and BglII/BamHI or BamHI and shuttled to RCASBP(A) via ClaI. For the repressor and activator forms of Osr1 and Osr2, the 3¢ part of the coding sequence containing the nuclear localization signal and the zinc finger domains was amplified with primers F: ATAC CATGGGAAGGTTACCATCCAAAAC and R: ATAGAA TTCTCAGAAGTCCTGCCGCG for Osr1 and F: ATACCAT GGGCCGCCTGCCCTCCAAG, R: ATAGAATTCGAAGTC CTGCCGCG for Osr2. The PCR products were digested with NcoI and EcoRI and cloned into pSlax-Engrailed and pSlax-VP16, respectively, and shuttled to RCAS(BP)A via ClaI.
For knockdown of Osr genes, we employed the replication competent avian retrovirus (RCAS)-based shRNA system developed by Das et al. [28] . For each cOsr1 or cOsr2 (Entrez gene IDs 100316920 and 771523), 3 different target sequences were chosen using the Ambion Ô siRNA target finder and cloned into RCASARNAi according to [28] , and knockdown efficacy was tested in chicken micromass (MM) cultures. The 2 most effective hairpin constructs were subsequently used in the experiments. Effective target sequences: cOsr1#1: GAACTGAAACCTGCCAAACTT, cOsr1#2: GCACTTCAC CAAGTCGTACAA, cOsr2#1: GTACATCCATTCCAAAGA GAA, cOsr2#2: CCACTTCACCAAGTCCTACAA. We used RCAS-sh-Luciferase or RCAS-sh-Gfp as controls [28] .
Concentrated viral supernatant was produced as described in Morgan and Fekete [29] . All viral constructs used had a titer of at least 10 8 infectious units per mL. Virus injection into Hamburger and Hamilton (HH) 10 [30] right hindlimb field was performed according to Logan and Tabin [31] .
Cell culture
The MM cultures and quantification of Alcian blue staining was performed as previously described [32] . For sectioning, MM cultures were embedded in paraffin according to standard procedures and sectioned at 7 mm. Sections were dewaxed, rehydrated, and stained with Alcian blue followed by standard Hematoxylin and Eosin staining.
The QM7 cells [33] were grown in Medium 199 (Invitrogen) with Glutamax (Invitrogen) supplemented with 10% FCS and 10% tryptose phosphate broth. Cells were infected with concentrated viral supernatant, allowed to replicate for 3 days, and plated in equal amounts on 12-well dishes (4 wells per construct). Myogenic differentiation was induced with Medium 199 supplemented with 0.5% FCS for 1 to 7 days with daily change of medium. Muscle staining with antibody A4.1025 (Upstate) was performed using the Vector Labs ABC staining system according to the manufacturer's recommendations. For nuclear staining 4¢,6-Diamidine-2-phenylindole (DAPI) was applied together with the secondary antibodies at 1:2,000. Quantification of staining was done by histomorphometric analysis using the AxioVision Ò software tool AutMess Ô (Zeiss). The BMSCs were collected from chicken fetal tibiae at day 20. The diaphysis was isolated, and bone marrow was flushed out with sterile PBS. The cell suspension was filtered through a cell strainer (45 mm, Becton Dickinson), collected by centrifugation, resuspended in minimal essential medium (a-MEM) (Invitrogen) supplemented with 10% FCS, and plated out. Cells were cultivated for 7 days with daily washing to eliminate hematopoetic cells. For assays, the cells were trypsinized, and the suspension was calibrated to 5 · 10 4 cells per milliliter. About 500 mL of this suspension plus 3 mL of concentrated viral supernatant(s) per well were plated on 24-well plates and cultivated until reaching confluence. Osteoblast differentiation was stimulated using a-MEM supplemented with 10% FCS, 10 mg/mL Ascorbic acid, and 2.5 mM b-Glycerophosphate. Medium was changed thrice weekly.
Alizarin red staining: cells were fixed in parafomaldehyde (PFA) for 30 min, washed in PBS, and stained with Alizarin red S (0.5% aqueous solution) for 1 h. Cells were washed several times and dried. Staining was histomorphometrically quantified using AxioVision software (Zeiss). Activity of alkaline phosphatase (ALP) was assessed as follows: cells were detached in ALP lysis buffer (0.1 M Glycin, pH 9.6, 1% NP-40, 1 mM MgCl 2 , 1 mM ZnCl 2 ), homogenized, and pelleted for 624 STRICKER ET AL. well (96-well plate) was used, 100 mL of ALP substrate solution (2 mg/mL p-nitrophenyl phosphate in ALP reaction buffer (0.1 M Glycin, pH 9.6, 1 mM MgCl 2 , 1 mM ZnCl 2 ]) was added per well, and optical density was measured at 405 nm.
Quantitative PCR
For real-time PCR, total RNA was isolated using TriFast (PEQLAB) according to manufacturer's protocol. One microgram of RNA was employed for reverse transcription via the GeneAmp Ò RNA PCR Kit (Applied Biosystems). Realtime PCR was done with SYBR Ò Green PCR Master Mix (Applied Biosystems). In 1 experiment, all reactions were performed at least as triplicates; primers for glyceraldehyde 3-phosphate dehydrogenase were used for normalization. For MM cultures, 4 different cultures were used for each of 3 experiments. For chicken limbs, 2 of each infected and control limbs were used and analyzed with at least 3 independent repetitions. Primer sequences are available on request.
Results
Expression of Osr1 and Osr2 in limb CT cells
During early embryonic development, Osr1 and Osr2 show a highly dynamic expression pattern with signals in the heart, kidney, branchial arches, and limbs in mouse and chick [13] [14] [15] . In the limb bud, Osr1 and Osr2 are expressed in the mesenchyme directly beneath the ectoderm in a pattern partially overlying the premuscle masses [15] . In the differentiated limb, Osr1 and Osr2 develop a unique expression pattern. At 9 days of chick embryo development (HH stage 35), the tissues of the limb have differentiated and are clearly demarcated both morphologically as well as by the expression of specific marker genes. Limb muscle patterning is completed, and myocytes have differentiated to multinucleated primary myotubes. Section ISH revealed that Osr1 is expressed in all ICTs, for example, between the skin and musculature or between muscles, as well as in all MCTs in hind-and forelimb (Fig. 1A) . The Osr2 gene appeared to also be widely expressed in ICT cells, but showed prevalence for MCT (Fig. 1A) . The Osr1 and Osr2 genes were not expressed in cells constituting dense CTs such as tendons and ligaments, as demonstrated by the nonoverlapping expression pattern with Scx in those structures. Expression of Osr1 and Osr2 in MCT at HH35 was confirmed by ISH followed by Immunolabeling for the MyHC (Fig. 1B) . The prevalence of Osr2 for MCT was confirmed by ISH on younger embryonic tissues. At HH32 (7.5 days), Osr1 showed a widespread expression in nonmuscle ICT, and also MCT is some but not all muscles ( strictly confined to MCT (Fig. 1C) . Double labeling for Osr1 or Osr2 and the myogenic marker MyoD confirmed expression of Osr1 and Osr2 in MCT cells but not in myogenic precursors at HH32 in the proximal limb muscles (Fig. 1C) . This also confirmed the expression of Osr2 in MCT and the more widespread expression of Osr1.
Osr1 and Osr2 are expressed in unique domains in the limb but show partial overlap with progenitor pools for tendon and MCT
We analyzed the potential of both Osr1 and Osr2 as developmental markers for ICT. We have previously shown that expression of Osr1 and Osr2 in the limb bud starts around HH22 in superficial mesenchymal cell layers and then both genes develop a distinct expression pattern [15] . We now asked the question whether Osr1 and Osr2 characterize separate populations of cells in early limb development. We compared the expression of Osr1 and Osr2 by 2-color fluorescent ISH at HH24 ( Fig 
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Pax3 positive myogenic precursors (Fig. 2C) . Both Osr1 and Osr2 expression was not observed in Pax3 positive cells. Additionally, both Osr1 and Osr2 showed no expression in committed myoblasts expressing the myogenic differentiation factor MyoD at HH24 (not shown). Tcf4 has been described as a factor expressed in potential limb MCT progenitors [34] . At HH24, the domains of Osr1 and Tcf4 were distinct; however, at the proximal margin of the Tcf4 domain, they overlapped showing co-expression of both genes in a subset of cells (Fig. 2D) . Interestingly, Osr2 showed a widespread overlap with Tcf4 (Fig. 2E) , indicating that Osr2 also marks (albeit not exclusively) MCT precursors. Both Osr1 and Osr2 were expressed in domains largely distinct from the tendon precursor marker Scleraxis (Scx) with overlaps at the margins (Fig. 2F,  G) . The Osr1 and Osr2 expression was separated from Sox9-positive cartilage precursors at HH24 (not shown); however, in the forming joints, both genes showed co-expression at the cartilage/joint interface (Supplementary Fig. S1 ; Supplementary Data are available online at www.liebertonline.com/scd).
Osr genes influence the differentiation of mesenchymal progenitors in vitro and in vivo Given the expression of Osr genes in differentiated ICT and their expression pattern in the early limb largely distinct from markers for other cell populations, we hypothesized that Osr genes might play a role in ICT differentiation. To assess the role of Osr genes in mesenchymal cell differentiation, we first took advantage of the chick MM culture system. In MM cultures, undifferentiated mesenchymal cells from the chick limb bud are plated at a high density. They subsequently start to differentiate into those cell types that are present in the developing limb, that is, chondrocytes, osteoblasts, myocytes, tenocytes, and ICT cells. Chick MM cultures can be infected with a RCAS carrying a gene of interest, thus ensuring a transfection rate of almost 100% as monitored with green fluorescent protein (GFP) control infection (not shown). In MM cultures infected with either RCAS-Osr1 or RCAS-Osr2, we observed an amorphous appearance of the culture and a lower number of cartilaginous nodules. The cell mass not stained with Alcian blue had a fibroblastic appearance on sections (Fig. 3A-C) . To analyze the differentiation of mesenchymal cells in culture, we performed quantitative real-time PCR (qPCR) from 5-day cultures. We used genes for ICT matrix components Collagens type IIIa1 and type VIa1 (Col3a1 and Col6a1) as markers for ICT cells. Both genes showed higher expression levels in Osr1 infected cultures than in control-GFP infected ones (Fig. 3D) , indicating that the abundant fibroblastic cells we observed in Osr1-infected cultures represented ICT cells.
Additionally, endogenous Osr1 (PCR primers designed against the 3¢ untranslated region, which is not contained in the overexpression construct) was upregulated in Osr1-infected MM cultures (Fig. 3D) . This was confirmed in vivo, when Osr1 was overexpressed in chicken embryonic limbs using the RCAS-system. In 3 specimens analyzed by qPCR, ICT marker genes Col3a1 and Col6a1 and endogenous Osr1 were expressed at a higher level in Osr1-infected limbs than in contralateral control limbs; however, the effect was less pronounced than in the MM cultures (Fig. 3D ). To assess whether Osr genes are not only sufficient but also necessary for ICT cell differentiation, we used a RCAS-based RNAi system [28] . Three different target sequences for each, Osr1 and Osr2, were chosen and cloned into RCASARNAi. The 2 most efficient hairpin sequences for each gene were further employed in this study. Efficacy of knockdown was between 25% and 50%, thus reducing expression of Osr1 or Osr2 from 50% to 75% of normal levels ( Supplementary Fig. S2) . (Fig. 3E) . To exclude an overall influence of Osr overexpression or knockdown on cell viability and proliferation, we have used Alamar blue metabolic labeling [35] and found no differences between control cultures and cultures expressing either Osr1, Osr2, or siOsr constructs (data not shown).
Next, we analyzed whether Osr genes can interfere with the development of other mesenchymal tissues. The amount of cartilaginous condensation can be measured in MM cultures by quantification of Alcian blue incorporation into cartilaginous nodules. We found a significant antichondrogenic effect of Osr1 and Osr2 (Fig. 4A) . Accordingly, overexpression of Osr1 in chicken limbs in vivo also showed thinner cartilaginous elements (Fig. 4B) . Knockdown of Osr1 or Osr2 alone or in combination led to an increase in cartilage differentiation in MM cultures (Fig. 4C) , indicating that endogenous Osr1 and Osr2 are necessary for the suppression of differentiation of chondrogenic cells.
In addition, overexpression of Osr1 led to a reduction of the tendon marker Scx by 2-fold in Osr1-infected MM cultures, indicative of a decrease in tendon cells (Fig. 4D) . Development of tendons was also disturbed in RCAS-Osr1 infected limbs, as visualized by whole-mount ISH for Scx at 9 days of development (Fig. 4E ). Tendons were thinner and frayed, indicating a loss of tendon cells. In agreement with this, expression of Scx was reduced in infected limbs as shown by qPCR at different time points of development (Fig.  4D) . Knockdown of Osr genes in MM cultures, however, did not lead to a significant increase in Scx expression (not shown), indicating that Osr genes are not necessary for the suppression of tendon cell development.
Since Osr gene expression was never detected in myogenic cells or myotubes, we wanted to see whether misexpression of Osr genes in myogenic cells can change their commitment. We used the quail cell line QM7 [33] , a committed myogenic cell line expressing the myogenic determination factor MyoD. The QM7 cells spontaneously differentiate to myotubes when switched to low-serum medium. Quail cells can be infected with the RCAS-virus, thus ensuring almost 100% transfection efficiency in the culture, as monitored by control infection with RCAS-GFP (not shown). We infected QM7 cells either with GFP-virus or with Osr1-or Osr2-virus and induced myogenic differentiation for 2 or 4 days. Myotube differentiation was assessed by staining for MyHC. In Osr1-or Osr2-overexpressing cultures, there was a drastic reduction in the number of myotubes (Fig. 5A, B) . The reduction in myotube number was not due to a reduction of total cell number, as demonstrated by DAPI nuclear staining (Fig.  5A) . Rather, the cells between myotubes preserved a fibroblastic appearance. Thus, misexpression of Osr genes is sufficient to inhibit the default differentiation program in committed muscle progenitor cells. Similarly, in RCAS-Osr1 infected chicken wings, we observed a rarefaction of muscle fibers at day 12 of development ( Fig. 5C ). This coincided with an expansion of CT in concordance with the effects seen in MM cultures and the qPCR results from day 12 Osr1-infected limbs (Fig. 3D) . Muscle fibers generally appeared misshapen and distorted. Further, Azan blue staining for collagen fibrils demonstrated a disarray of cells and matrix in the MCT contrasting the regular array of wild type MCT cells (Fig. 5C ).
Osr1 and Osr2 predominantly act as transcriptional repressors in mesenchymal cell differentiation and changing their transcriptional activity can induce a reversal in mesenchymal progenitor differentiation
Odd skipped proteins function as transcriptional repressors in Drosophila and in Xenopus [21, 36] . We, thus, wanted to analyze whether a repressive or activating function can be attributed to Osr1and Osr2 in our experimental system, and whether this activity is sufficient and necessary to induce the observed changes. For this purpose, we used split-function constructs harboring only the nuclear localization signal and the DNA-binding zinc finger domains of Osr1 and Osr2 fused to the engrailed-repressor (EnR) or the VP16-activator domain. These domains can, when fused to a specific DNAbinding domain, efficiently repress or activate transcription [37] . First, we analyzed MM cultures infected with RCASvirus expressing repressor or activator constructs or GFP for the expression of ICT marker genes. Expression of Col3a1 and Col6a1 was upregulated in MM cultures infected with Osr1-EnR or Osr2-EnR (Fig. 6A) , thus indicating an increase in ICT cells. Conversely, Osr1-VP16 or Osr2-VP16 reproducibly repressed the expression level of Col3a1 and Col6a1 (Fig. 6A) , thus causing a decrease in ICT cells. The expression of Scx was clearly repressed by Osr1-EnR and Osr2-EnR. However, both VP16 constructs did not produce a significantly higher expression of Scx in this assay in accordance with the knockdown data presented before. Using cartilage differentiation as a readout for mesenchymal cell differentiation to lineages other than ICT, we found that the repressor forms of Osr1 and Osr2 completely inhibited cartilage condensation in the MM cultures; the activator forms conversely increased the formation of cartilage (Fig. 6B) . Overall, the repressor forms of Osr1 and Osr2 phenocopied and even exacerbated the effects of the full-length proteins in d.) , as the cultures detached from the surface. Error bars represent standard error of the mean from at least 3 independent experiments. t-test: 2 asterisks: P < 0.01; 3 asterisks: P < 0.001. Color images available online at www.liebertonline.com/scd the in vitro systems we used. On the other hand, turning Osr1 into a transcriptional activator by adding the VP16 domain resulted in a dominant-negative version of Osr1, thus leading to a reversal in mesenchymal progenitor cell differentiation when compared with wt-Osr1/2 or Osr1/2-EnR.
Osr1 and Osr2 are intrinsic regulators of MSC osteogenic differentiation
The MSCs/BMSCs are multipotent stem cells found in the adult bone marrow cavity that have the capacity to differentiate into a variety of mesenchymal tissues, for example, bone-forming osteoblasts. This capacity makes BMSCs an attractive system for regenerative medicine such as treatment of bone lesions [38, 39] . Given the importance of Osr genes in embryonic mesenchymal differentiation we just described, we now aimed at analyzing the role of Osr genes in BMSC differentiation. Fourteen days after switch to osteogenic medium, Alizarin red staining demonstrated solid osteogenesis (Fig. 7A) . Both Osr1 and Osr2 were capable of inhibiting osteogenesis in BMSC cultures as demonstrated by Alizarin red staining (Fig. 7A, B) and measurement of ALP activity (Fig. 7C) . Next, we used endogenous Osr1 and Osr2 and Collagen type 3a1 (Col3a1) as markers for ICT cells. qPCR showed a higher abundance of Osr1, Osr2, and Col3a1 mRNA in cultures after viral overexpression of Osr1 or Osr2 (Fig. 7D) , suggesting that the BMSCs instead adopted an ICT fate. In day 10 BMSC cultures, osteogenesis visible by beginning Alizarin red staining is starting. Knockdown of either Osr1 or Osr2 alone or in combination (efficiacy see Supplementary Fig. S2 ) resulted in increased osteogenesis compared with control shGfp infected cultures as demonstrated by Alizarin red staining (Fig. 7E, F) and measurement of ALP activity (Fig. 7G) . Thus, as in embryonic mesenchymal progenitors, Osr genes appear to enforce differentiation of BMSCs to fibroblasts while inhibiting the differentiation to other mesenchymal cell lineages such as bone-forming osteoblasts. known about their developmental origin and the molecular mechanisms governing their differentiation. The developmental analysis of ICT fibroblasts has been hampered by the lack of specific markers. We show that in the differentiated chicken limb, the expression of the zincfinger transcription factor-encoding genes Osr1 and Osr2 is highly specific for cells of ICT. However, it has to be stressed that Osr1 and Osr2 are not absolutely exclusive to ICT, as they are also expressed in other tissue types such as the synovial joints [15, 40] or the tendon sheaths (S. Stricker, unpublished). The initial expression of Osr1 and Osr2 can be traced down to 2 mostly separate populations of cells within the early mesenchymal limb bud. Both genes show only marginal co-expression with other mesenchymal markers, with the exception that Osr2 shows considerable coexpression with the MCT marker Tcf4 [34] .
Consequently, in later development, Osr2 shows expression mostly restricted to MCT; whereas Osr1 marks all ICT cells including MCT. Remarkably, in the early limb bud putative MCT, progenitors are excluded from Osr1 expression. A possible explanation for this is that CT progenitors in the limb mesoderm differentiate along 2 separate lineages: an Osr1 positive population of putative nonmuscle ICT progenitors and an Osr2 and/or Tcf4 positive population of MCT progenitors. The fact that MCT at a certain time point starts to express Osr1 as well does not necessarily contradict this possibility, as the expression of Osr1 may be required at a certain step of ICT cell differentiation for specification/ maintenance of an ICT cell fate (see below). To our knowledge, Osr1 is the only available developmental marker exclusive for all ICT cells identified so far, an observation facilitating further studies needed to clarify the precise relationship of the limb CT lineage(s).
Based on the specific expression of Osr1 and Osr2 in limb ICT fibroblasts, both are likely to play a role in the specification and/or differentiation of this tissue type. We found evidence for the positive regulation of ICT cells by Osr1 and Osr2 in mesenchymal progenitor cell explant cultures or in chicken fetal limbs. Conversely, Osr1 and Osr2 were able to repress the development of other cell types such as tendon and cartilage. The latter function is in accordance with recent findings that Osr1 and Osr2 are required for the proper development of synovial joints [40] . Moreover, misexpression of Osr1 was able to inhibit the default myogenic differentiation of committed muscle progenitor cells. In comparison to the cell culture experiments, the effect of Osr1 or Osr2 on Col3 and Col6 expression was relatively weak in vivo, reflecting only a modest increase in ICT cells. Likewise, the repressive effects on tendon and cartilage were less pronounced in vivo. One possible explanation might be negative feedback mechanisms that act in vivo but are disrupted in culture systems.
The findings we report here are in analogy with functions reported for 2 D. melanogaster zinc finger transcription factors, drumstick (Drm), and Bowl, which are close relatives of Drosophila Odd skipped (Odd). In the Drosophila wing disc, Bowl controls the differentiation of the peripodial epithelium. Bowl in this context is stabilized by Drm, which is positively regulated by hedgehog signaling and negatively regulated by wingless signaling, thus integrating their reciprocal activity in peripodial versus pseudostratified columnar epithelium differentiation [41] . Interestingly, misexpression of Bowl in precursors of the pseudostratified epithelium converses these cells to peripodial epithelium, whereas inhibition of Bowl has the opposite effect [42] . In addition to that, odd-skipped family genes were also involved in regulating epithelial cellular changes during Drosophila leg segmentation, where they act downstream of the Notch signaling pathway [43, 44] . Bowl in this context was ascribed a role in patterning specific tarsal cell fates [44] .
Odd-skipped appears to be involved in analogous cell lineage decisions in vertebrates, as in Xenopus Osr1 and Osr2 are required for and can ectopically induce the differentiation of renal tissue [21] . In zebrafish, Osr1 is required for proximal pronephric nephron development, and Osr1 knockdown results in ectopic expansion of the angioblast lineage in expense of kidney precursors, whereas Osr1 overexpression resulted in the opposite cell-fate decision [45] . In mammals, Osr1 was also involved in specification of intermediate mesoderm derived lineages [22] , especially renal precursors [20] . This might point to a general conserved role of oddskipped and odd-skipped-related genes in the control of tissue-type specification in different contexts.
The fact that transcriptional repressor forms of Osr1 and Osr2 showed the same effect as wild-type Osr1 or Osr2 in our assays indicates that both transcription factors act as transcriptional repressors in the context of chick ICT differentiation. In agreement with this finding, it was shown that Drosophila Odd can act as a transcriptional repressor during segmentation [36, 46] , and Xenopus Osr1 and Osr2 act as repressors in kidney development [21] . Moreover, a version in which the N-terminus has been replaced by a transcriptional activator domain (VP16) acts as a reverse function mutant in several test systems. It remains to be investigated how Osr1 and Osr2 accomplish this repressive effect. For Drosophila Odd, it has been shown that an eh1-like motif is required for recruiting the groucho corepressor [47] ; hence, it is possible that Osr1 and Osr2 mediate their repressive activity by similar mechanisms.
Altogether, our data point to a role of Osr1 and Osr2 in the differentiation of lateral plate-derived cells of the limb. The observed changes in cell populations were observed after overexpression/misexpression or knockdown of Osr1 and/ or Osr2 demonstrated the capacity and requirement of both transcription factors to influence the fate of mesenchymal progenitor cells. However, no obvious CT defects were described in either the Osr1 or Osr2 null mutants published [20, 22, 23] ; thus in the mouse, loss of either Osr1 or Osr2 appears not to be sufficient to cause changes in cellular differentiation, although subtle differences might have remained undetected. The lack of an ICT phenotype in Osr1 or Osr2 single null mutants could be due to redundancy, which is supported by genetic experiments showing that Osr1 and 2 can replace each other [18] and that only the combinatorial deletion of Osr1 and Osr2 led to joint development defects in the limb [40] .
Concordant with the functions we described for Osr1 and Osr2 in mesenchymal progenitors in the embryo, we demonstrated overlapping roles for both factors in controlling the differentiation of MSCs such as BMSCs. The BMSCs have attracted immense attention as a potential therapeutic approach in a variety of degenerative conditions or injury states. Particularly in the field of bone regeneration, the application of BMSCs is an appealing option as demonstrated in animal models [38, 39] . In this context, it is highly desirable to either predifferentiate BMSCs toward an osteoblastic commitment [48] or to be able to prevent their differentiation to other cell lineages. We show that Osr1 and Osr2 are intrinsic negative regulators of MSC differentiation to boneforming osteoblasts. It is likely that Osr factors regulate cellular differentiation by transcriptional regulation of either signaling factors or cell-cell communication molecules. Elucidating the target genes of Osr transcription factors might, thus, be a next step to improve the guided differentiation of BMSCs for regenerative therapy.
